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RESULTSOFTHIN SKIN THERMOCOUPLETESTS

CONDUCTEDIN THEAEDCVKFTUNNELA TO

DETERMINEHEATTRANSFERRATESONA

.0275 SCALESSVET FOREBODY(FHI5)

by

Harry R. Carroll* and DwayneCarver**

ABSTRACT

An existing 10o/40° spike on the nose of a .0275 scale thin skin

ET forebody heat transfer model was modified in an effort to improve

wind vector sensoring for the Shuttle Ascent Air Data System (AADS).

The change truncated 7.635 inches full scale of the i0 ° cone and

replaced it with a 30° cone, thus, causing the differential pressures

to be higher and more sensitive for the AADSangle-of-attack and side-

slip flight evaluation. The model was instrumented with 250 thermo-

couples (T/C) to obtain complete heating data around the forward fairing

and the brackets that support the trays and GO2 pressurization line.
The Mach range tested was 3, 4, and 5.5 at Reynolds Number/foot of

3.7 x 106 to 5.0 x I0 _, at selected _ = 0, ±5 and B = 0, ±3, ±6, ±9,

±Ii. The test conditions were repeated with protuberances on and off

to provide a matrix of heating interference factors on the skin around

all perturbed flow areas. The temperature recovery factors were com-

puted according to a method provided by Rockwell International/Space
Division.

The data results indicate that the shock from the 30° cone is

stronger than that from the i0 ° cone and impinges further downstream

on the 40° cone area (vent cap). The bracket induced heat factors are

similar over the full length of the ogive.

*Martin Marietta Corporation
**ARO, Inc.
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NOMENCLATURE

aI,a2,a 3

ALPHA,

ALPHA-PREBEND, aPB

ALPHA-SECTOR, ct
s

b

CONFIG

C
P

DELY, AY

DTWDT , dTW/dt

FIT LENGTH

GROUP

S(T^W)

Denote constant terms used to calculate R

Model angle of attack, deg

Sting prebend, deg

Tunnel sector angle, deg

Model wall thickness, in.

Configuration number
I. ET NOSE - Model with hardware on

2. ET NOSE/CLEAN - Model with hardware off

3. ET NOSE/T - Same as I but using boundary

layer trips

Model wall specific heat, Btu
lbm-aR

Lateral distance along an arc sector relative

to cable tray, @ = 31.5 deg

Derivative of the model wall temperature

with respect to time, "R/sec

Time span in seconds over which a llnear

least-squres curve fit of

95 TO -___i.__n 95 TO vs time was applied

Identification number for each tunnel

injection

Heat-transfer coefficient,

QDOT , Btu

TAW - TW ft2_sec_OR
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7

NOMENCLATURE (Continued)

H(TO) Heat-transfer coefficient,

QDOT , Btu

TO - TW ft2_sec_OR

H(9T0) Heat-transfer coefficient,

QDOT J Btu

(0.90TO)-TW ft2_sec_.R

H/HREF H(R) divided by HREF where

R = 1.0 for H(TO)

R = 0.9 for H(9T0)

R = TAW/TO for H(TAW)

HREF, HREF-FR Reference heat-transfer coefficient based

on'Fay-Riddell theory, Btu/ft2-sec-°R

HI_EF - 8.1717 (PoI)O'5(MU-0)O'4[I-(P-INF/P01)] 0"25

(RN)0"5 (TO)°'15

x [0.2235 + 0.0000135 [TO + 560]]

where PO1 = stagnation pressure downstream of

a normal shock, psia

MU-O = air viscosity based on TO, lbf-sec/ft 2

RN " reference nose radius, (0.0275 ft)



LREF

MACH, M
oo

MODEL

MU, p_

P, P
oo

PO, P
o

QDOT

RN/FT, Re

RHO

ROLL-MODEL

NOMENCLATURE (Continued)

Axial reference length, (50.752 in.)

Free-stream Mach number

Model configuration

Free-stream viscosity, lb-sec/f_ 2

Free-stream pressure, psla

Tunnel stilllng chamber pressure, psla

Heat-transfer rate, wbc (DTWDT),
p.

Btu/ft2-sec

Free-stream dynamic pressure, psia

Recovery factor

Free-stream Reynolds number per foot, ft -I

Free-stream density, slug/ft 3

Model roll angle, positive for clockwise

rotation looking upstream (=0 for @ - 0

facing top of tunnel), deg

STNO

STNO =

SWITCH POSITION

TR

Theoretical stagnation point Stanton

number for a 0.0275-ft (I scale foot)

radius sphere calculated from Fay-

Riddell theory

HREF

(R.HO)(V) [0.2235 + 0.0000135(T0 + 560)] (32.174)

Designates the position of the thermocouple

selector switch

Time from start of model injection cycle,

s_c

Analytical temperature ratio, TAW/TO

6



T

TAW

TC-NO (T/C)

T, T_

TO, T O

T (w)

V, V_

w

x
m

X/L

4, PSI

$, BETA

Y

8

£

@, THETA

SUBSCRIPTS

e

i

NOMENCLATURE (Concluded)

Temperature, °R

Adiabatic wall temperature, °R

Thermocouple Number

Free-stream temperature, °R

Tunnel stilling chamber temperature, °R

Model wall temperature, °R

Free-stream velocity, ft/sec

Model wall density, ibm/it 3

Model axial distance measured from 10-deg

cone apex (see Fig. 2b), in.

Thermocouple axial location ratioed to the

reference length, L (X/L = Xm/L - 0.0027)

Model yaw angle, deg

Angle of sideslip, equal to negative

yaw angle, deg

Ratio of specific heat, 1.4 for air

Local surface angle of attack, deg

Combination of model roll angle and O, deg

External tank angular measurement, deg

Local model deflection angle, deg

Flow properties at boundary layer edge

Initial conditions

Free-stream flow properties



INTRODUCTION

A spike on the nose of the Space Shuttle External Tank serves both

as a lighting arrestor and as a probe to measurepressures utilized in
the Ascent Air Data System (AADS). A feasibility test for the AADSwas
conducted as IA137 (Reference i). A special treatment of that data

was performed by the Data ManagementSystemand is given in Reference 2.

The probe configuration of a sharp 10°/40° conical spike was causing
somevariations in static pressure measurementsand it was felt by

Rockwell International that a more blunt spike would stabilize the bow
shock location over the attitude range of interest and give more reli-

able pressure readings. Therefore, it was proposed to truncate the
forward 7.635 inches (full scale) of the i0 ° cone and replace it with
a 30° cone 2.418 inches in length yielding a 30°/10°/40 ° conical spike

configuration as can be seen in Figures i and 2. This wind tunnel test
(FHI5) and a companiontest in the Ames3.5 foot Hypersonic Facility,

(FHI6) Reference 3, were proposed to:

i. determine the change in heating, if any, due to the

small change in the nose spike configuration;

2. measurethe interference heating on the surface around

the forward fairing, trays, GOXline and brackets with
these protuberances both present and removed.

The FHI5 test results are contained in this report and were

obtained using the thin-skin thermocouple technique to collect heat
transfer data, and shadowgraphsand oil flow photographs to visualize
the flow field. Data were obtained in Machnumbers3, 4, and 5.5 at

freestream Reynolds numbersof 3.7 and 5.0 million per foot. Model

angle of attack was 0° and ±5° at sideslip angles from -ii ° to ii °.

SampleT/C data plots and complete tabulation are included herein.
Shadowgraphand oil flow photographs are retained by the author and

are available on request.



CONFIGURATIONSINVESTIGATED

The heat flux model utilized in this test was a .0275 scale, thin
skin (t = .030 inch ±.005 inch) ET forebody designated as the 30°/10°/

40° cone- ogive. The model was tested previously with a 10°/40° spike

in test series FHI4, Reference 4. Constructed of 304 stainless steel,

spot check measurementsusing ultrasonic thickness measuring instruments

revealed excellent agreementof material thickness, typically within
.001 inch. Figure I shows the model overall configuration with prin-

ciple dimensions, bracket numbersand peripheral notations of the ogive.

Figure 3 depicts the modification madeto the old 10°/40° spike to make

the new 30°/10°/40 ° spike which is the current baseline configuration

for the AADSsystem.

Twoconfigurations were tested, one with all ETnose hardware, or
protuberances on, the other with the hardware removed. Boundary layer

trips were addedduring the test to verify that the boundary layer was
naturally turbulent. The trips were formed from either twisted wires

or commercial carborundumgrit. Two0.004-inch diameter wires were
twisted together and spot welded to the model surface for the first

type trip. The second type was formed with #60 carborundumgrit, about

¼-inch wide. In each case the trip was located just behind the fairing.

Data taken with a trip attached are identified in Table III.



TESTFACILITYDESCRIPTION

Tunnel A is a continuous, closed-circuit, variable density wind

tunnel with an automatically driven flexible-plate-type nozzle and a

40- by 40-in. test section. The tunnel can be operated at Machnumbers
from 1.5 to 6 at maximumstagnation pressures from 29 to 200 psia,

respectively, and stagnation temperatures up to 750°R (M_o= 6). Minimum

operating pressures range from about one-tenth to one-twentieth of the
maximumat each Machnumber. The tunnel is equipped with a model injec-

tion system which allows removal of the model from the test section
while the tunnel remains in operation. A description of the tunnel
and airflow calibration information maybe found in Reference 6.

i0



INSTRUMENTATION

The original 150 T/Cs utilized during test FHI4 were 40 AWGCromel-
Constantan (Type E) cross-welded to the inner surface of the .030 inch

thick model stainless steel skin, as described in Reference 5. The 40

AWGswere twist-spliced to 30 AWGType E glass on glass insulated lead
wire, 40 ft. long. The splices were unsoldered, but fitted with heat

shrunk Teflon insulators. Due to age and shipping and handling, some

of these were coming loose and were repaired using solder on all splices.
An additional i0 ft. of 26 AWGwas soldered onto the 150 30 AWGleads

to reach the junction box at Tunnel "A".

To more adequately define the heating rates around the protuber-

ances, i00 new 40 AWGthermocouples were added, but the junctions were

beaded and then welded to the inner surface of the skin, forming a

stronger connection and more definite body location. No change in
millivolt output or rates were detected between the two junction tech-
niques for gages as close, physically, as 0.i0 inch. The 40 AWGswere

solder-spliced to 26 AWGType E leads with a muchimproved Kapton
insulated lead wire 50 ft. long.

Six newT/Cs were installed on the cable tray fairing in areas of

the leading edge and corners to measurethe high heating typical of

these type of protuberances. The remaining new gages were systemati-
cally distributed around all the brackets except at the forebody

parting section Xm= 7.502 (X/L = .1451_ Bracket 7, and Bracket ii
at the end of the model ogive, Xm= 12.062 inches (X/L = .2350).

Figure 4 depicts the T/C locations along the ET nose in the region

of the protuberances while Table II gives the pertinent dimensional
information.

ii



DATAREDUCTION

The reduction of thin-skin thermocouple data normally involves

only the calorimetric heat balance which, in coefficient form is:

H(TAW) = wbc dTW/dt (i)
p TAW-TW

For this test a value of 0.95 TO was selected for TAW and equation

(i) can be written

dTW/dt
H(O.95TO) = wbc (2)

p 0.95TO-TW

Radiation and conduction losses are neglected in this heat balance

and data reduction simply requires evaluation of dTW/dt from the tem-

perature-time data and determination of model material properties. For

the present tests, radiation effects were negligible; however, conduc-

tion effects can be significant in several regions of the model. To

permit identification of these regions and to improve evaluation of the

data, the following procedures were used.

Separation of variables and integration of Equation (2) assuming

constant w, b, Cp, and TO yields

H(0.95TO)

wbcp
.95T0-TWil(t - ti) = %n :9-_-_- _ (3)

Differentiation of Equation (3) with respect to time gives

H(O.95TO) d

wbcp dt

(4)

12



DATAREDUCTION(Continued)

Since the left side of Equation (4) is a constant, plotting %n

95T0 - TWi95T0 _ versus time will give a straight line if conduction

is negligible. Thus, deviation from a straight line can be interpreted

as conduction effects.

The data were evaluated in this manner, and generally a linear

portion of the curve was used for all thermocouples. A linear least-

square curve fit of %n [(0.95TO-TWi)/(0.95TO-TW)] versus time was

applied to the data. Data reduction was started as soon as the model

reached the tunnel centerline and the curve fit extended for a time

span which was a function of the heating rate, as shown in the following

list.

Range No. of Points (Fit Length)

dTW
--> 32 5
dt

16 < dTWi 32 7
dt --

8 < dTW <--= 16 9
dt

4 < dT___WW<_ 8 13
dt--

2 < dT__WW_< 4 17
dt--

i < __dTW=< 2 25
dt

dTW <
i 41

dr=

13



DATAREDUCTION(Continued)

The above time spans were generally adequate to keep the evaluation

of the right side of Equation (4) within the linear region. The line-

arity of the fit was substantiated by visual inspection of the cases

in question. This visual check of the data was done on the VKFgraphics

terminal. Strictly speaking, the value of Cp for the material was not
constant, and the following relation

c = 0.0825 + (6.5 x i0 -s) TW, (304 stainless steel) (5)
P

was used with the value of TWat the midpoint of the curve fit. The

maximumvariation of Cpover any curve fit was less than 0.5 percent.
The value of density used for 304 stainless steel was w = 488.0 Ibm/ft 3,

and the skin thickness, b, was 0.030 in.

The maximumavailable tunnel stagnation temperature for each Mach
number tested is listed in Table I. With these relatively low stag-

nation temperatures, the difference between the model wall temperature

and recovery temperature was generally small in regions of peak heating.
This small temperature difference causes the calculation of the heat-
transfer coefficient to be very sensitive to deviations from the actual

adiabatic wall temperature. Twovalues of the heat-transfer coeffi-
cient have been calculated based on an assumedconstant recovery tem-

perature, namely H(TO) and H(0.90TO). To account for changes in the
recovery temperature, a third value of the heat-transfer coefficient
has been tabulated based on an analytical temperature ratio, TR= TAW/TO.

An analytical method for determining TR was developed by Rockwell
International and has been used to calculate H(RTO). In this method,

the following relationships were assumed:

TR = TAW (6)
TO

14



DATAREDUCTION(Continued)

and

TAW = Te (1 + Y-I r M e 2)2
(7)

r = 0.898 for turbulent flow

with r being the recovery factor and the subscript e identifying local

properties at the boundary-layer edge. From these relationships, the

temperature ratio can be defined as:

l+0.2rM e

TR = 2 (8)
I+0.2M e

which is a function of the recovery factor and the local Mach number.

The local Mach number can be written

M e = Me (Moo, 6)

where = identifies the free-stream property and _ is the local surface

angle of attack. Standard matrix techniques were used to derive the

following relationship for 6.

= arcsin (sin % cos _ + cos % cos g sin _ )
s s

where _ = alpha-sector, deg
s

g = roll model + (e + 180), deg

% = local model deflection angle, deg

(i0)

-I= sin (12.062 - Xm.
_.8_6 ")' deg for thermocouple on the

ogive section xm > 1.355 in.

(X/L > 0.0238)

15



DATAREDUCTION(Concluded)

= 39.38 deg

= 55 deg

for thermocouples on the cone section,
x < 1.355 in. (X/L < 0.0238)m

for all thermocouples on the fairing

The edge conditions were computedfrom M and 6 using the tangent cone
flow theory. The following relationship was used to calculate the

temperature ratio:

a
(TR) (M , 6) = aI + a2 • (sin 6) 3 (ii)

The value of the constants used for this test are:

M_ aI a2 a3

3.0 0.9345 0.1004 2.165

4.0 0.922 0.1004 1..965
5.5 0.910 0.1004 1.686

The methodused to calculate the analytical temperature ratio, TR,

has been applied to all of the tabulated data. The method represents
a simplified approach to present a more realistic evaluation of TAW.

However, in regions of separated flow or complex interaction, the

values calculated for TR mayno longer apply and should be used with
extreme care.

16



DATAPRECISION

An evaluation of the influence of randommeasurementerrors is

presented in this section to provide a partial measureof the uncer-
tainty of the final test results presented in this report. Although

evaluation of the systematic measurementerror (bias) is not included,

it should be noted that the instrumentation precision values used in
this evaluation represent a total uncertainty combination of both

systematic and two-sigma randomerror contributions.

Uncertainties in the basic tunnel parameters Po and To and the
two-sigma deviation in Machnumberdetermined from test section flow
calibrations were used to estimate uncertainties in the other free-

stream properties, using the Taylor series method propagation, i.e.

(AF)2 = 8F 2 8F 2 8F 2
8Q-_ AQI + _ AQ2 + 8Q3 AQ3 ....

8F 2
+ _Qn AQn (12)

where AF is the absolute uncertainty in the dependent parameter

F = F(QI , Q2, Q3 "'" Qn) and Qnis the independent parameter (or

basic measurement). AQnis the uncertainty (error) in the independent
measurement(or variable).

These results are tabulated in the following chart.

17



DATAPRECISION(Concluded)

Tunnel Condition

M_ RN/L x i0 -_, ft-I

3.02 3.7

4.02 3.7

5.5 3.7

5.5 5.0

Measurement Uncertainty

(± Percent)

Moo Po To RN/L

20.6 ±0.2 20.5 il.2

20.4 ±0.2 ±0.5 21.2

i0.3 20.2 ±0.5 ±i.i

±0.3 20.2 i0.5 il.l

The uncertainty in model angle of attack and sideslip angle is

estimated to be i0.2 deg.

Estimated uncertainties for the individual terms in Equation (2)

were used in the Taylor series method of error propagation to obtain

uncertainty in values of heat-transfer coefficient as given below:

Magnitude of

H(T0), (Btu/ftZ-sec-°R)

10 -4

10 -3

i0-z

Uncertainty, (±) Percent

i0

7

5

The data for thermocouples which consistently exceeded the above

quoted uncertainties were deleted from the results.

18



DATARESULTS

This test was conducted to investigate the effects of a blunter,

shorter, nose spike (30°/10°/40 ° configuration) on the ETnose aero-

dynamic heating. Therefore, the data were comparedto previous data
from FH-13and FH-14 (References 4 and 5) at _ = B = 0. The results

indicate an increased peak heating due to the new nose spike, displaced

downstreamapproximately X/L = .005, but never off of the 40° vent cap,
or into the ogive.

The eT = 90° , 180° , 270° data (which yield results for the undis-
turbed stream lines) at the lowest MachNumber, lowest Re/ft, and for

= B = 0° showthe separated zone under the 30° tip cone shock extend-

ing from the base of the i0 ° cone to X/L = .0125. The subsequent flow
tends to be laminar after reattachment and then transitions to turbu-

lent about the end of the 40° cone. Someconcern about tripping the

flow was resolved by using a grit strip, 0.375 inches wide of #60 grit
epoxied on, out of the potential separated flow but before the end of

the vent cap. There was no increase in heating after the grit. This

demonstrated that the flow wasnaturally turbulent and that the grit

strip negated a numberof measurementswhere it was applied. Twisted
wires were tested earlier with the sameresults but fewer gages were

negated by the wires. Since the natural transition was nearly complete

by the end of the 40° cone, it was decided to forego trips and use
natural transition. This permitted a statistical evaluation of a

boundary layer transition criterion during analysis of the ET forebody.

Figures i thru 3 are examplesof the data plots madeby Chrysler

Data ManagementSystem (DMS)for data analysis. The complete set was

considered too voluminous for publication but are available on request
from the DMS. Figure i depicts the heating ratios existing along the

ETbody at somecommonray for flow conditions of Mach4.02, Reynolds
Numberper unit length of 3.7 x i0 _, angle of attack -5o; and angle of

sideslip -ii °. The undisturbed and interference heating coefficients

19



DATARESULTS(Concluded)

are given ratioed to the reference value and then the HI/HU ratio is
also shown. In Figure 2 only the HI/HU values are plotted, but they

are depicted for one thermocouple exposed to varying flow conditions
(angle of attack and sideslip). Both test and theoretical values are

shownfor comparison. Figure 3 summarizesthe data for several flow

conditions showing HU/HREFin Figure 3A; HI/HREFin Figure 3B; and

HI/HU in Figure 3C. The nose profile has been added to this plot for
visual assistance.

20
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TEST " FH-15

TABLE I.

I
TEST CONDITIONS

DATE
m

MACHNUMBER

3. 02

4. 02

4. 02

5.5

REYNOLDSNUMBER

(per unit length)

TOTAL PRESSURE

(pounds/sq. inch)

3.7 x 106 36

3.7 x 106 63

3.7 x 106 65

3.7 x i06 127

5.5 5.0 x 106 172

5.5 5.0 x 106 174

STAGNATIONTEMPERATURE

(degreesFahrenheit)

260

260

28O

260

260

270

BALANCE UTILIZED:

NF

SF

AF

PM

RM

YM

None

COEFFICIENT
CAPACITY: ACCURACY: TOLERANCE:

COMMENTS: See Data Precision Section for measurement uncertainties.

O
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